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We study the low-temperature electrical and thermal conductivity of CoSi and Co1−xMxSi alloys
(M=Fe, Ni; 0 < x ≤ 0.06). Measurements show that the low-temperature electrical conductivity of
Co1−xFexSi alloys decreases at x > 0.01 by an order of magnitude compared with that of pure CoSi.
It was expected that, both, the lattice and the electronic contributions to thermal conductivity will
decrease in the alloys. However, our experimental results revealed that at temperatures below 20 K
the thermal conductivity of Fe - and Ni - containing alloys is several times larger than that of pure
CoSi. We discuss possible mechanisms of the thermal conductivity enhancement. The most probable
one is related to the dominant scattering of phonons by charge carriers. We generalize the existing
theoretical models to complex semimetallic electronic structure of CoSi featuring multiple non-
equivalent valleys and show that this mechanism can qualitatively and quantatively account for the
increase of the lattice thermal conductivity with increasing disorder and for the linear temperature
dependence of the thermal conductivity in the Co1−xFexSi alloys below 20 K.
I. INTRODUCTION
Cobalt monosilicide attracted an increased interest re-
cently due to its unusual electronic topology. Its elec-
tronic structure contains multifold band crossings with
large Chern numbers ±4 and long Fermi arcs connect-
ing the projections of the Γ and R points on the sur-
face Brillouin zone1–4. In addition, numerous bands
with a nonparabolic dispersion near the Fermi level and
semimetallic type of conductivity lead to appearance of
some unusual features in transport properties of this com-
pound and its alloys with other transition metal silicides.
For example, strong quantum oscillations of thermoelec-
tric power and magnetoresistivity with beating pattern,
arising due to coexistence of two close Fermi surfaces
around the R point, were observed in CoSi5,6. In the
Co0.96Fe0.04Si alloy, a sharp decrease of resistivity with
decreasing temperature below 50 K was found7. This
feature can arise because of the weak antilocalization of
charge carriers. The quantized circular photogalvanic ef-
fect was predicted and the photocurrent, induced by cir-
cularly polarized light was recently measured in CoSi and
in isostructural β-RhSi2,8,9.
In this article, we present experimental results on ther-
mal and electrical conductivity of CoSi and of Co1−xMxSi
(M=Fe or Ni, x ≤ 0.06) alloys at temperatures from 2 K
to 300 K and discuss their unusual dependence on tem-
perature and composition, closely related to the band
structure of CoSi. Measurements revealed that the low-
temperature electrical conductivity of Co1−xFexSi alloys
is by an order of magnitude lower compared with that
of CoSi. A similar behavior of thermal conductivity was
anticipated. The alloy scattering of phonons is expected
to suppress the lattice contribution to thermal conduc-
tivity. The electronic contribution to thermal conduc-
tivity of an alloy should be reduced in accordance with
Wiedemann-Franz law. However, the measured thermal
conductivity of the alloys at temperatures below 20 K is
several times larger than that of cobalt monosilicide. We
analize possible mechanisms which can lead to the ob-
served thermal conductivity and show in this work that
the most likely mechanism for increasing thermal con-
ductivity in the alloys is the suppression of dominant
phonon-electron coupling in conductors with a very small
mean free path of charge carriers10,11. This mechanism
not only accounts for the increase of the lattice thermal
conductivity of Co1−xMxSi compared to CoSi, but also
explains its nearly linear temperature dependence in the
Co1−xFexSi alloys at low temperatures.
II. EXPERIMENTAL PROCEDURES
Samples of Co1−xMxSi were prepared by direct melting
of stochiometric amounts of components in a furnace with
resistive heating followed by vacuum casting. The ingots
of cylindrical shape were re-crystallized by Bridgeman
method with inductive heating. The phase composition
and structure of the samples were controlled by X-ray
diffraction (XRD). For the XRD measurements, plates
with size of 10x12 mm2 and a thickness of 2 mm were cut
out of ingots and polished. Also, prepared ingot samples
of each composition were milled to powder with particles
of about micron size. The XRD patterns were registered
by means of the powder X-ray diffractometers Rigaku
MiniFlex (Rigaku Corporation, Japan) and D2 (Bruker
AXS, Germany) designed in Bragg-Brentano geometry.
Electrical resistivity (ρ = 1/σ, σ is electrical conduc-
tivity) and thermal conductivity (κ) of the alloys were
measured simultaneously, using Quantum Design PPMS
system at 2 K to 300 K.
2FIG. 1. (a): XRD patterns of CoSi and Co1−xMxSi pow-
der samples and (b): XRD pattern of Co0.96Ni0.04Si collected
from polished surface of the plate sample (Θ-2Θ scans, Cu-
Kα radiation). For better visualization, the XRD patterns are
offset vertically. The bottom histogram in (a) illustrates the
theoretical 2Θ angle positions and intensities of CoSi reflec-
tions according to PDF-2 card. Miller indices hkl of selected
observed reflections are indicated in (b).
III. RESULTS AND DISCUSSION
The powder XRD patterns, shown in Fig. 1(a) for
all alloy powders, correspond to CoSi crystal struc-
ture (space group P213 (198), Powder Diffraction File-2
(PDF-2) card 01-079-8014)12–15. No foreign phases were
detected by the X-ray analysis. Diffraction patterns, col-
lected from polished bulk sample surface (see Fig. 1(b) as
an example) are characterized by reflections in the same
positions as in powder samples, but with a significant
difference in the intensity of reflections, indicating that
the ingot samples are strongly textured polycrystals.
The band structure of cobalt monosilicide was cal-
culated using the gradient-corrected density functional
(GGA-PBE) approximation2–4,16. The structure in a
FIG. 2. The band structure of CoSi near the Fermi level calcu-
lated using the gradient-corrected density functional (GGA-
PBE) approximation.
vicinity of Fermi energy, calculated without spin-orbit
coupling (SOC) is shown in Fig. 216. The band structure
features several extrema and topologically non-trivial
band touching nodes near the Fermi level. The nodes
are located at two, time reversal invariant points in the
Brillouin zone (Γ and R) and carry nonzero topological
charges. Without SOC, the topological charges at these
points have magnitude 2 and opposite signs3. With the
account of spin-orbital splitting3,4, the multiplet, located
at the Γ point is four-fold degenerate, while the node at
the R point is six-fold degenerate, and they carry total
topological charges of magnitude 4 and opposite signs.
Due to small magnitude of spin-orbital splitting it was
not taken into account in the present work.
The nodal point at Γ point is located very close to
Fermi energy, whereas the multiplet at R point is situ-
ated at about 200 meV below (see Fig. 2). At the centre
of the cubic Brillouin zone (Γ point) there are flat heavy
hole band and Dirac-like bands with linear dispersion.
At the vertices of the Brillouin zone (R points) the nodal
point is located too far below the Fermi energy and can
not have direct effect on the low-temperature transport
athough the R - electrons give main contribution to elec-
tronic transport16. The electronic band structure around
R-point in a vicinity of the Fermi energy consists of two
nearly coinciding bands. In our further analysis we will
characterize them by their averaged parameters. In ad-
dition, at the M point there are bands, which are lo-
cated below the Fermi level. These states are completely
filled in CoSi and do not contribute to electron transport
at low temperatures (the maximum at M - point shifts
lower with inclusion of many body G0W0 corrections
4).
However, the contribution of the M extrema to electron
transport in the Co1−xFexSi alloy, whose Fermi level is
lower than that of CoSi, is unclear. In what follows, we
will not take into account the states near the M points.
The temperature dependences of electrical resistivity
of CoSi and of Co1−xMxSi alloys are shown in Fig. 3.
The temperature dependent resistivity of CoSi has typ-
ical metallic character. The residual resistivity of CoSi
3FIG. 3. Electrical resistivity of CoSi, Co1−xFexSi and
Co0.96Ni0.04Si alloys.
samples is usually quite high, from 10 to 100 µΩcm6,7,18.
This is likely connected with the high sensitivity of the
resistivity of CoSi to small deviations from stoichiom-
etry and to intrinsic structural defects. For our knowl-
edge, the lowerst reported value of the residual resistivity
of about 4 µΩcm has been measured for single crystal,
grown from Te-flux5. Both, the resisitivity magnitude
and its temperature depencence of Co1−xFexSi alloys are
very strongly dependent of the iron content. The resid-
ual resistivity increases by about an order of magnitude
in alloys with Fe content x > 0.02. The temperature
dependences of the alloy resistivity are nonmonotonic.
The resistivity increases with increasing temperature at
low temperatures and then decreases at higher tempera-
tures. At low-temperatures, the temperature dependence
of resistivity of the Co1−xFexSi alloys also undergoes a
qualitative transformation with Fe content, showing a
Kondo-like minimum for x ≤ 0.02, followed by weak
antilocalization-like variation for x = 0.04 and x = 0.06.
Some important features of electronic transport of
CoSi and its dilute alloys can be explained on the basis
of the ab-initio band structure within energy-dependent
relaxation time and rigid band approximations16,19–21.
The Dirac-like band (see Fig. 2) with linear dispersion at
the Γ point has relatively small density of states (DOS).
The relaxation rate of charge carriers in these states
is large due to interband scattering into the flat hole
band16. Therefore, these states make little contribu-
tion to electron transport. The contribution of heavy
holes is also not large because of their small mobility.
The calculations show that degenerate R electrons make
the main contribution to electron transport in CoSi at
room temperature and are responsible for the metallic
conductivity16. According to ab-initio calculations, the
Fermi level in Co0.96Fe0.04Si solid solution is located at
about 60 meV below the Fermi energy of CoSi17. This
shift of the Fermi level leads to a decrease of R-electron
concentration. In addition, their scattering rate increases
due to increasing disorder and intervalley scattering into
the flat band with large DOS. Therefore, the electrical
resistivity of the alloy at low temperatures exceeds by
an order of magnitude the resistivity of CoSi (see Fig. 3)
and reaches 550 µΩcm at 2 K.
FIG. 4. Thermal conductivity (κ) and electrical conductivity
(σ) of CoSi and Co1−xMxSi alloys at T=2.5 K vs composition.
In alloys with Ni the Fermi level moves to higher ener-
gies, increasing the electron concentration. According to
calculations, in Co0.96Ni0.04Si alloy, the heavy hole band
at Γ point is located at about 200 meV below Fermi en-
ergy, therefore the main contribution to electronic trans-
port give electron pockets around Γ and R points17. The
residual resistivity of the alloy and of CoSi are compa-
rable (see Fig. 3), because the decrease of the relaxation
time of R-electrons is partly compensated by the increase
of their concentration and by the appearence of light Γ -
electrons.
It has been shown, that the calculations within the
rigid band and energy-depend relaxation time approx-
imations reproduce qualitatively the temperature varia-
tion of the resistivity and Seebeck coefficient of pure CoSi
and diluted Co1−xMxSi (M=Fe, Ni) alloys at tempera-
tures above about 50 K17,22. This indicates that the band
stricture model and the approximations are adequate for
interpretation of experimental results on transport prop-
erties of CoSi and the alloys.
The thermal conductivity depends on composition and
on temperature in an unexpected way. Figure 4 shows
the electrical conductivity (σ), the total thermal conduc-
tivity (κ) and the lattice thermal conductivity (κlatt) of
CoSi and Co1−xMxSi alloys in dependence on compo-
sition at 2.5 K. The lattice contribution was estimated
by Wiedemann-Franz law using the standard value for
Lorenz number L0 = 2.44×10
−8 WΩK−2. The first sur-
prising result is that the lowest thermal conductivity
has pure CoSi, which in the same time has the highest
4electrical conductivity. The lattice thermal conductiv-
ity of both, Fe-containing and Ni-containing alloys, at
low temperatures is by about 5 times higher than κlatt of
CoSi. Note, the total thermal conductivity of CoSi and of
Co0.96Ni0.04Si alloy at low temperatures has considerable
electronic contribution, whereas the electronic thermal
conductivity of Co1−xFexSi alloys is very small. Another
interesting feature relates to CoSi: we have two samples
of CoSi, one with residual resistivity (ρ0) of 28 µΩcm
and second with 65 µΩcm. This diffrence comes from
small deviations from exact stoichimetry and correspond-
ing structural defects. The total thermal conductivity of
these two samples of CoSi at 2.5 K is also considerably
different: 3.66 mWK−1cm−1 and 2.34 mWK−1cm−1, re-
spectively, see Fig. 4. However the κlatt of these sam-
ples is almost the same. This means that almost all dif-
ference in κ of these two samples of CoSi comes from
electronic contribution. On the other hand, the κlatt
of Co0.96Ni0.04Si alloy with ρ0=64 µΩcm (which is very
close to ρ0 of less pure CoSi) is 6 times larger than κlatt
of CoSi (9.1 mWK−1cm−1 vs 1.46 mWK−1cm−1).
The temperature dependences of κ and of κlatt of the
compounds are shown in Fig. 5(a) and Fig. 5(b), respec-
tively. The κlatt(T ) of Co1−xFexSi is close to a linear in
the range from 2 to 20 K, whereas the thermal conductiv-
ity of CoSi and of Co0.96Ni0.04Si alloy varies with tem-
perature more rapidly, approaching to T 2 dependency.
Note, at high temperatures, above about 50 K, κ, like σ,
both decrease with the substitution of Co by Fe or Ni.
The large, in comparison with CoSi, low-temperature
thermal conductivity of the Co1−xMxSi alloys naturally
raises question about an origin of this enhancement. Es-
timates based on Wiedemann-Franz law show that the
electronic contribution to the thermal conductivity of
the Co1−xFexSi alloys is negligible, while it amounts at
low temperatures to about 10% in Co0.96Ni0.04Si alloy
and 60% in the more pure CoSi. The non-magnetic
state of the alloys under study excludes a contribution
of magnons to thermal conductivity24–26. However, in
alloys, containing more than 20% of Fe, the helical mag-
netic structure is formed at low temperatures27. More-
over, comparatively small deviation of stoichiometry can
lead to stabilization of magnetic order in CoSi28. There-
fore, one can speculate that the diluted Fe-containing al-
loys are nearly magnetic semimetals with enhanced itin-
erant spin fluctuations (paramagnons) which can con-
tribute to their thermal conductivity. There are two rel-
evant mechanisms. The scattering of electrons by para-
magnons can reduce the electronic contribution to ther-
mal conductivity29–31, which is in any case small in the
alloys and would result in oppposite effect, i.e. in a re-
duction of κ in the alloys. On the other hand, the itiner-
ant paramagnons can carry heat and directly contribute
to thermal conductivity. There are few works, where
this effect was apparently detected and more research
is needed23,32. For example, the paramagnon contribu-
tion to the thermal conductivity of UCoGe, is linear in
the temperature, and, according to Ref.23, may have the
right magnitude, see Fig. 5. Moreover, magnetic mea-
surements show that CoSi, being diamagnetic at high
temperatures, has large paramagnetic contribution to the
susceptibility at low-temperatures, supporting presence
of paramagnetic fluctuations18,33,34. This also is in ac-
cord with the changes of the electronic structure of CoSi
upon alloying with Fe: in the Fe-containing alloys the
Fermi energy decreases entering deeper into the flat va-
lence band at Γ-point. This leads to a rapid increase of
DOS and moves electron system closer to Stoner criterion
for itinerant magnetism22,35. However this mechanism
should not work in case of Ni-containing alloys: in these
alloys the Fermi enery increases entering in the highly
dispersive region of the electronic structure with compar-
atively low DOS22. But, as it can be seen in Fig. 4, the
lattice thermal conductivity of the Co0.96Ni0.04Si alloy is
also larger than that of CoSi and is comparable to the
thermal conductivity of Fe-containing alloys. There is
also an important difference: in contrast to the latter,
the thermal conductivity of Co0.96Ni0.04Si alloy varies
with temperature close to T 2. Therefore, the mecha-
nism of the enhancement of the thermal conductivity in
Co0.96Ni0.04Si clearly does not fit into paramagnon mech-
anism.
Considering another possible mechanisms of the ther-
mal conductivity at low temperatures, we can safely
exlude the umklapp processes, which can not have a
noticeable effect on the phonon transport in CoSi and
its alloys due to high Debye temperature (625 K for
CoSi)36. Impurity scattering and grain boundary scat-
tering of phonons also cannot dominate, since they lead
to the T−1 and T3 dependences of thermal conductivity,
respectively37,38. Moreover, all these processes lead to
a decrease of the thermal conductivity in alloys, when
structural disorder increases.
In metals at low temperatures the most important re-
laxation channel for phonons is interaction with conduc-
tion electrons. The relaxation of phonons or acoustic
waves in metals due to interaction with electrons has
been extensively investigated. Particularly, A.B. Pippard
in his studies on attenuation of acoustic waves demon-
strated that efficiency of attenuation of acoustic waves
or lattice vibrations due to interactions with conduction
electrons in metals weakens when parameter ql decreases
well below 1, here q is the wave number of a lattice vi-
bration, and l is the mean free path of conduction elec-
tron. The condition ql ≪1 will be satisfied at sufficiently
low temperatures (small q) and for conductors with large
residual resistivity (small l). The weakening of the at-
tenuation will result in an enhancement of κlatt. Addi-
tionally the κlatt(T ) in this limit approaches to a linear
dependence10,11. The condition ql ≪1 is obviously met
in Co1−xFexSi alloys at low temperatures, where resid-
ual resistivity attains extraordinaly high for metals val-
ues. On the other hand the thermal conductivity of these
alloys clearly displays nearly linear temperature depen-
dences. Therefore we will discuss this mechanism in more
details below.
5FIG. 5. Total (left) and lattice (right) thermal conductivity of CoSi and Co1−xMxSi alloys. Also shown the paramagnon
contribution to thermal conductivity of UCoGe according to the results of Taupin et al.23
IV. EVALUATION OF LOW-TEMPERATURE
THERMAL CONDUCTIVITY IN SEMIMETALS
The lattice thermal conductivity at low temperatures
is described by the expression:39
κ =
k4BT
3
6pi2h¯3
∑
λ
s−1λ
∫ ∞
0
x4ex
τ−1qλ (e
x − 1)2
dx, (1)
where the summation is performed over the branches of
acoustic phonons, τ−1qλ is the relaxation rate of the λ- th
phonon mode with wave vector q, sλ is the sound velocity,
x = h¯sλq/kBT . To estimate the phonon relaxation time
τqλ it is necessary to clarify the mechanism of the phonon-
electron interaction.
Attenuation of ultrasonic waves or lattice vibrations
in simple metals due to interaction with conduction elec-
trons (attenuation constant αλ = 1/sλτqλ), was discussed
by Pippard10,11. The initial simple model initiated exten-
sive theoretical and experimental investigation on effect
of electron-phonon interaction on the low-temperature
lattice thermal conductivity in metals and semiconduc-
tors, see Refs.11,40–47 and references therein.
Although, the Pippard’s model describes the sound at-
tenuation or phonon absorbtion in simple metals with
a spherical Fermi surface, whereas the electronic struc-
ture of CoSi and its alloys is more complex, we will
first estimate the thermal conductivity of CoSi and of
Co0.96Fe0.04Si alloy following to the original Pippard’s
theory10,11.
In metals, the hydrodynamic (diffusive) and quantum
regimes of the attenuation of sound waves and phonons
are distinguished10,46,47. The crossover between these
regimes is determined by the magnitude of the product
ql. In the hydrodynamic regime, the phonon wavelength
exceeds the electron mean free path (ql ≪ 1). A long-
wavelength phonon or an ultrasonic wave creates local
electronic currents in a metal and loses energy due to
Joule heat generation. In the quantum regime (ql ≫
1), nonequilibrium phonons lose energy due to phonon-
electron scattering.
For numerical estimates we use material parameter val-
ues, obtained from ab-initio calculations for CoSi and
for Co0.96Fe0.04Si alloy. These parameters are listed in
Table I. The total and the interband relaxation rates
of charge carriers were estimated in Ref.16 for short-
range point defect scattering, using Bloch wave func-
tions from DFT calculations. The calculation revealed
the energy dependence of the electronic relaxation rate
and the relative contribution of intraband and interband
transitions into the electronic relaxation. The magnitude
of the relaxation rates was scaled to fit the experimen-
tal values of the low-temperature electrical conductiv-
ity. The data presented in the table are in a resonable
agreement with available experimental results. For ex-
ample, according to Ref.5 the measured electron concen-
trations in different CoSi samples vary from 1.05·1020 to
3.02·1020 cm−3. The calculated total concentration of
electrons in two bands near the R point 2nR = 3.1×10
20
cm−3. The Fermi wave vectors of R electrons estimated
from an analysis of the oscillations of magnetoresistance6
have lengths 1.42×107cm−1 and 1.31×107cm−1. The
calculations give averaged for two bands around R -
point kRF = 1.65 × 10
7cm−1. The quantum scattering
time of 3.8×10−13s was measured for R electrons at low
temperatures6, whereas the theoretical value of the re-
laxation time τR is equal to 1.4×10
−13s (note that the
low-temperature resistivity of our CoSi sample exceeds
that of the sample studied in Ref.6 by three times).
Using data of Table I we estimate ql values for CoSi
6TABLE I. Values of the physical parameters of CoSi (ρ0 =
65µΩ cm) and Co0.96Fe0.04Si: nα, Nα and k
α
F are the charge
carrier concentration, the DOS and the Fermi wave vector
(averaged over directions), respectively; τ−1α and τ
−1
αβ are the
total and interband relaxation rates; sl (st) is the longitudinal
(transverse) sound velocity averaged over directions, d is the
density of the material. The indexes α and β label the charge
carrier pockets (Γ and R).
Parameter CoSi Co0.96Fe0.04Si
nR (10
19cm−3) 15.5 6.1
nΓ (10
19cm−3) 30 155
NR (10
21eV−1cm−3) 1.8 1.1
NΓ (10
21eV−1cm−3) 19.9 22.8
kRF (10
7 cm−1) 1.65 1.21
kΓF (10
7 cm−1) 2.15 3.76
τ−1R (10
13s−1) 0.7 4.0
τ−1RΓ (10
13s−1) 0.4 3.4
τ−1
Γ
(1013s−1) 2.8 17
τ−1
ΓR (10
13s−1) 0.05 0.35
sl (10
5cm/s) 7.5 7.5
st (10
5cm/s) 4.2 4.2
d (g/cm3) 6.6 6.6
and for representative alloy Co0.96Fe0.04Si.
For acoustic phonons with q ∼ kBT/h¯sλ, in the free
electron model,
ql ≈ kBTk
2
F τ/(pi
2h¯2sλN),
where τ and N are the relaxation time for charge carri-
ers and the total DOS at Fermi level (N = 2NR in our
approximation). Substituting the corresponding values
from Table I, we obtain for transverse phonons ql ≈ 0.2
and ql ≈ 2 at T =2 K in Co0.96Fe0.04Si and in CoSi,
respectively. For longitudinal phonons, values of ql are
smaller due to higher sound speed of the longitudinal
phonons. Thus, in the alloy ql < 1, i.e. the relaxation
of phonon transport is close to hydrodynamic regime,
whereas CoSi with ql ≈ 2 is at the border of the quan-
tum regime.
In the limit ql ≪ 1, the relaxation rates of longitudinal
and transverse acoustic phonons in metals τ−1qλ ∝ q
2τ10.
At low temperatures the characteristic values of the
phonon wave number q ∝ T . Therefore, using in Eqn. (1)
τ−1qλ ∝ q
2τ , approximately valid for ql < 1, gives an
almost linear temperature dependence of thermal con-
ductivity with enhanced values due to small τ , as it is
observed for the Co0.96Fe0.04Si alloy. In transition from
Co0.96Fe0.04Si alloy to CoSi, both ql and τ increase. The
increase of τ leads to a reduction of κlatt, whereas with
incresing ql, the dependency of τ−1qλ on q weakens ap-
proching, in the limit of ql ≫ 1, to τ−1qλ ∝ q for longitudi-
nal, or to τ−1qλ ∝ 1/τ - for transverse phonons. According
Eq. (1), in this case κ(T ) should vary with temperature
as aT 2 + bT 3 at low temperatures. The experimental
κlatt(T ) of CoSi at temperatures 2 K to 20 K varies ap-
proximately as T 1.8, which is in accord with the inter-
medite ql value of about 1 for CoSi. Thus, on a qualita-
tive level, the simple Pippard’s model correctly reproduce
the evolution of thermal conductivity from pure CoSi to
Co0.96Fe0.04Si alloy.
Unfortunately, this simple theory strongly overesti-
mates the magnitude of the alloy thermal conductiv-
ity. For example, using maximum of the theoretical
concentration of charge carriers n = nΓ + 2nR =1.67×
1021 cm−3 and the experimental value of electrical
conductivity of Co0.96Fe0.04Si, we obtain κ(2K) ≈
0.9 Wcm−1K−1, whereas the experimental κ for this alloy
is of order of 0.01 Wcm−1K−1. Therefore, the original
theory of Pippard, developed for simple metals should be
modified, to take into account more complex semimetal-
lic electronic structure of CoSi with comparatively low
charge carrier concentration.
In many-valley semiconductors and semimetals, there
is additional mechanism for energy transfer from phonon
(or ultrasonic wave) to electron system. Local strains,
produced by the acoustic wave, shift edges of the bands
(valleys) relative to each other due to the difference in
the deformation potentials of the bands. In this case,
the interband scattering of electrons by impurities pro-
vides relaxation of the system to equilibrium48. The cal-
culations performed in Ref.16 has shown that, in CoSi,
the scattering rate of electrons from states near the R
point to those near the Γ point is large and is compara-
ble with the rate of intraband scattering. Therefore, in
CoSi and its alloys with Fe, this mechanism can be very
efficient. Ultrasonic attenuation and phonon relaxation
rate in many-valley semiconductors and semimetals were
calculated in several works49–56. However, only the case
of equivalent valleys was investigated in most of these ar-
ticles. The only exception is the Ref.50, where the case
of two nonequivalent valleys was considered. However, in
that study, it was assumed that the intervalley relaxation
rates of both bands coincide. In CoSi and in Co1−xFexSi
alloys the dispersion relations of charge carriers near the
points Γ and R are very different. Therefore, the model
of Ref.50 should be generalized. A rigorous calculation of
the thermal conductivity of the studied compounds is the
topic of a separate article. Here we consider a simplified
model of phonon relaxation in semimetals with different
bands.
In this model, we assume that the interband electron
scattering between states of two bands near the R point
and states of the flat band near the Γ point is the only
relaxation mechanism for phonons. We neglect the intra-
band diffusion of charge carriers. This is possible under
the condition τ−1αβ ≫ q
2Dα, where ταβ is the interband
relaxation time of carriers, Dα is the diffusion coefficient
of carriers in the band α49,56. For R-electrons of the
Co0.96Fe0.04Si alloy, the interband relaxation rate τ
−1
RΓ is
comparable with the total relaxation rate τ−1R (see Ta-
7ble I). Therefore, the above condition can be approxi-
mated by the inequality (qlR)
2/3 ≪ 1, where lR is the
mean free path of R-electrons. This inequality obviously,
holds at low temperatures. For Γ-holes, DΓ ≪ DR and
the above condition also holds. For CoSi, the above con-
dition is not satisfied and the intraband diffusion of car-
riers can be significant. Therefore the omission of the
intraband diffusion of the charge carriers will result in
some underestimate of thermal conductivity for CoSi.
In the framework of the described model, the phonon
relaxation rate is given by the expression (see Appendix
for details):
1
τqλ
=
NRNΓΦ
2
λ
2ds2λN
ω2qλτ
1 + (ωqλτ)2
, (2)
where d is material density, NR(Γ) is DOS at the Fermi
level in the band near the R(Γ) point (we neglect small
differences in parameters of the two bands near the R
point), N = 2NR + NΓ, ωqλ = sλq is the phonon fre-
quency, and
τ =
NRτΓR +NΓτRΓ
N
(3)
is the effective interband relaxation time of charge car-
riers. The effective deformation potential constants Φλ
are defined as follows:
Φ2λ = 〈{
(
ΞRij − Ξ
Γ
ij
)
[ei(q, λ)qˆj + ej(q, λ)qˆi]}
2〉. (4)
Here Ξ
R(Γ)
ij is the deformation potential tensor for states
near the R(Γ) point, ei(q, λ) is the unit polarization vec-
tor of the phonon mode {q, λ}, and qˆi = qi/q. The angle
brackets denote averaging over directions of phonon wave
vectors.
The crystal structure of CoSi belongs to the space
group 198. The little groups of the Γ and R points are
isomorphic to the cubic point group T (23). Therefore,
the deformation potential tensor Ξij at the points Γ and
R must be proportional to the unit tensor, and, at first
glance, only phonons with the longitudinal polarization
can interact with electrons. However, there are at least
two reasons, why all three constants Φλ defined by Eq. (4)
are different from zero. First,the tensor Ξij for electronic
states near the large Fermi surface of Co1−xFexSi alloys
should differ significantly from the unit tensor since the
little groups of wave vectors of these states are subgroups
of the space group. Second, in the general case, phonon
modes are neither purely transverse nor purely longitu-
dinal. They have mixed polarization, and can interact
with electrons even in the case of the isotropic deforma-
tion potential.
In order to estimate the lattice thermal conductivity of
CoSi and of Co1−xFexSi alloys within the framework of
the model, we substitute the relaxation rates (2) into
Eq. (1), using the material parameters from Table I,
which were obtained by first-principle calculations. Since
the values of the deformation potential constants for CoSi
FIG. 6. Experimental (a) and calculated (b) temperature
dependences of total thermal conductivity of CoSi and of
Co0.96Fe0.04Si alloy.
and Co0.96Fe0.04Si are unknown, we consider them as the
fitting parameters. For rough estimates, we assume that
three constants Φλ have the same value and do not de-
pend on the concentration of Fe in the alloy.
The temperature dependencies of the total thermal
conductivity of CoSi and the Co0.97Fe0.03Si alloy calcu-
lated by the described method with Φλ = 2.8 eV are
shown in Fig. 6. One can see that, in spite of the rough
approximations, these dependences qualitatively describe
the experimental results for CoSi and for Co1−xFexSi al-
loys at low temperatures. The theoretical thermal con-
ductivity increases monotonically with increasing tem-
perature, since we take into account only the phonon-
electron coupling and neglect other processes, which
dominate at higher temperatures.
On the experimental part there are at least two appar-
ent inconsistences with the proposed theoretical model.
First is the very close values and the temperature varia-
tion of the lattice thermal conductivity of two samples
of CoSi with considerably different residual resistivity
(65 and 28 µΩcm). And the second is the large lattice
thermal conductivity of Co0.96Ni0.04Si alloy with resid-
ual resistivity, comparable to that of the less pure CoSi.
Although these experimental facts look like a real prob-
lem to the proposed interpretation, more detailed analy-
sis shows that they can be understood within the model.
First, the dependence of κlatt on electronic relaxation
time τ (and consiquently - on residual resistivity), defined
by Eqs. (1), (2) has a minimum. The minimum is located
between the values of the effective interband relaxation
time of these two CoSi samples, and estimates show that
their lattice thermal conductivities should coincide at a
temperature of about 5 K.
In the Co0.96Ni0.04Si alloy the Fermi level is located
above the band crossing at the Γ point. The residual
resistivity of the alloy is relatively small (64 µΩcm) due
to high concentration of R-electrons. Estimates, similar
to those in the previous section, show, that due to high
8concentration of impurities in the alloy its effective inter-
band relaxation time is considerably shorter compared to
the relaxation time of CoSi with the residual resistivity of
65 µΩcm. In addition, the coefficient NRNΓ/N in Eq. (2)
is small for the alloy. Therefore, the phonon relaxation
rate (2) in Co0.96Ni0.04Si at low temperatures should be
by almost an order of magnitude smaller than the re-
laxation rate in CoSi resulting in the enhanced thermal
conductivity. However, our model cannot explain the rel-
atively large slope of the dependence κ(T ) ∝ T 1.8, since
the decrease of the effective interband relaxation time
should lead to the dependence κ(T ) ∝ T . It can be as-
sumed that a strong decrease of the phonon relaxation
rate (2) in the Co0.96Ni0.04Si alloy leads to a relative
increase in the influence of other phonon scattering pro-
cesses. For example, an estimate shows that the contri-
bution of the intraband electron diffusion to the phonon
relaxation rate can dominate over the contribution of in-
terband electron transitions in the Co0.96Ni0.04Si alloy.
In addition, the high electronic conductivity of the al-
loy in comparision with that of Co0.96Fe0.04Si enhances
the metallic character of its electronic properties. In
this case, the Pippard theory gives the dependence11
κlatt(T ) = aT + bT
2, which is similar to that shown
in Fig. 5. Another possible mechanism of phonon dis-
sipation is the phonon scattering by a dislocation strain
field. Its contribution 1/τqλ ∝ ωqλ
37 together with the
considered phonon-electron contribution (2) can give the
temperature dependence of the lattice thermal conduc-
tivity, similar to the experimental one. Unfortunately, at
present, we cannot unambiguously identify the dominant
mechanisms of phonon relaxation in Ni-containing alloys.
Further research is required.
V. CONCLUSIONS
In conclusion, we have studied the thermal and
the electrical conductivity of cobalt monosilicide,
Co1−xFexSi and Co0.96Ni0.04Si alloys. Despite the low
electrical conductivity of disordered alloys, their thermal
conductivity at low temperature is several times higher
than that of CoSi. This contradicts to the opinion that
the thermal conductivity of a dilute alloy is always lower
than that of the pure compound. We demonstrated that
the enhancement of the low-temperature thermal con-
ductivity in the alloys is related to the weakening of the
phonon-electron interaction in the alloys with a short
electron mean free path compared to the characteristic
phonon wavelength. We estimated the low-temperature
thermal conductivity of the studied alloys using a model
of phonon-electron coupling, which takes into account the
interband energy-dependent scattering of charge carriers
between non-eqivalent bands. This mechanism is effec-
tive in CoSi-based semimetals, since the interband and
intraband electron-impurity scattering rates are compa-
rable in them. The estimates of the thermal conductivity
of the investigated semimetals are in a reasonable qual-
itative and quantative agreement with the experimental
results.
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9Appendix A: Derivation of Eqn. 2
In this Appendix we present derivation of Eqn. 2.
In semimetals and many-valley semiconductors, the lin-
earized collision term of the Boltzmann equation can be
written in the form:57(
∂fα
∂t
)
coll
=
−
∑
β
γαβ
{
δfα(k, r, t)−
∂f0α
∂εkα
[
Uα(r, t)− δµαβ(r, t)
]}
,
(A1)
where the Greek indices number bands (valleys) of the
electron system, δfα(k, r, t) = fα(k, r, t) − f
0
α(k) is the
deviation of the distribution function of the band α from
the Fermi-Dirac distribution
f0α(k) = {exp [(εk,α − µ0)/kBT ] + 1}
−1, (A2)
γαβ = τ
−1
αβ , Uα(r, t) are the relaxation rate constants
and deformation potential, respectively, and δµαβ(r, t) =
δµβα(r, t) is the deviation of the local chemical potential
of two corresponding bands from the chemical potential
µ0 of the system without acoustic waves. Integrating the
Boltzmann equation with the collision term (A1) over k-
space and omitting the term with electric current (i.e.
neglecting the diffusion of charge carriers), we obtain:
∂δnα(r, t)
∂t
=
−
∑
β 6=α
γαβ
{
δnα(r, t) +Nα
[
Uα − δµαβ(r, t)
]}
,
(A3)
where δnα(r, t) is the deviation of the carrier concen-
tration from equilibrium value, and
Nα =
∫ (
−
∂f0α
∂εkα
)
2d3k
(2pi)3
(A4)
is the density of states of the α band at the Fermi level.
The term with γαα does not contribute to Eqn. (A3)
since the intraband scattering does not change the con-
centration of particles. The off-diagonal components of
the matrix δµαβ are usually determined from the con-
dition that the local particle concentration nα + nβ and
the particle concentration in these two bands in the quasi
equilibrium state with the chemical potential µ0 + δµαβ
are equal57. This condition is applicable only to semi-
conductors with equivalent valleys. In the present case,
when γαβ 6= γβα, it should be replaced by the condition
γαβ
[
δnα +Nα (Uα − δµαβ)
]
=
−γβα
[
δnβ +Nβ (Uβ − δµβα)
]
,
(A5)
i.e., the rate of change of carrier concentration in the
band α due to particle scattering between the bands α
and β should be equal (with the opposite sign) to the
rate of change of carrier concentration in the band β due
to scattering between the same bands.
Since two bands around R-point of the Brillouin zone
almost coincide, and, according to the ab-initio calcula-
tions the interband scattering between them is negligi-
ble in comparison with scattering into the hole-like band
around Γ -point, we assume that these bands are equiv-
alent. In this case, the Eqs. (A3,A5) can be written in
the form:
∂δnR
∂t
= −
NRNΓ∆U +NΓδnR −NRδnΓ
Nτ
∂δnΓ
∂t
=
2 (NRNΓ∆U +NΓδnR −NRδnΓ)
Nτ
,
(A6)
where N = 2NR+NΓ is the total density of states, τ is
the effective interband relaxation time of charge carriers
defined by Eqn. (3), and ∆U = UR − UΓ.
The long-wavelength acoustic wave causes the displace-
ment of lattice ions:
u (r, t) =
e (q, λ)
[
u (q, λ) ei(qr−ωt) + u∗ (q, λ) e−i(qr−ωt)
] (A7)
and the local change of the carrier concentration:
δnα(r, t) = ηα(q, λ)e
i(qr−ωt) + η∗α(q, λ)e
−i(qr−ωt), (A8)
where e(q, λ) are the polarization vectors of phonons,
u(q, λ) and ηα(q, λ) are the Fourier components of the
corresponding variables, ω = sλq. Since we consider here
the relaxation of a single acoustic wave, the summation
over q and λ is omitted. Substitution of Eqs. (A7) and
(A8) into the system (A6) gives its solution:
ηR(q, λ) =
NRNΓ
(iωτ − 1)N
[
UR (q, λ) − UΓ (q, λ)
]
ηΓ(q, λ) = −2ηR(q, λ),
(A9)
where
UR(Γ) (q, λ) =
iqu(q, λ)
2
Ξ
R(Γ)
ij
[
ei(q, λ)qˆj + ej(q, λ)qˆi
]
,
(A10)
Ξ
R(Γ)
ij is the deformation potential tensor, qˆi = qi/q.
The energy Q transferred from the acoustic wave to
carriers per unit volume and per unit time is given by:54
Q = −2ω
∑
α
Im
[
ηα (q, λ)U
∗
α (q, λ)
]
. (A11)
The phonon relaxation rate is defined as ratio of Q/E,
where E = d〈(∂u/∂t)
2
〉 is the energy density of acoustic
wave, d is the mass density. The angle brackets denote
time averaging. Substitution of Eqs. (A7,A9-A11) into
this ratio gives the phonon relaxation rate (2).
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